Abstract. We propose and analyze a graphene-based cloaking metasurface aimed at achieving widely tunable scattering cancelation in the terahertz (THz) spectrum. This 'one-atom-thick' mantle cloak is realized by means of a patterned metasurface comprised of a periodic array of graphene patches, whose surface impedance can be modeled with a simple yet accurate analytical expression. By adjusting the geometry and Fermi energy of graphene nanopatches, the metasurface reactance may be tuned from inductive to capacitive, as a function of the relative kinetic inductance and the geometric patch capacitance, enabling the possibility of effectively cloaking both dielectric and conducting objects at THz frequencies with the same metasurface. We envision applications for lowobservable nanostructures and efficient THz sensing, routing and detection.
Introduction
Graphene is a single layer of sp2-bonded carbon atoms densely packed in a honeycomb lattice [1, 2] . Ever since its discovery in 2004, graphene has attracted tremendous attention due to its stable thermal and mechanical properties and its special electronic properties, such as high carrier mobility and Fermi velocity (v F ∼ = 10 8 cm s −1 ), quantum Hall effect, large optical transparency, mechanical flexibility, among others [1] [2] [3] [4] . Graphene is considered one of the most promising material candidates for the next-generation of micro-/nano-electronic devices [1] [2] [3] [4] and for solar cells and flexible flat-panel displays [5] .
This functional nanomaterial platform has been further enriched by the discovery of its inherent plasmonic-like properties in the terahertz (THz) and infrared (IR) spectrum [6] [7] [8] [9] [10] [11] [12] [13] [14] . Graphene plasmonics has become a rapidly emerging field because of the additional possibility, unique to graphene, of gate-tuning its optical transitions and the plasmonic resonance of massless Dirac fermions. Currently, graphene plasmonics has become the subject of intensive research, with exciting applications for THz and IR tunable and switchable metamaterials [14] [15] [16] [17] [18] , filters and broadband polarizers [19] , nano-antennas [20] [21] [22] and optoelectronic devices [23] , and with the ability to achieve ultrafast and broadband amplitude and phase modulations.
Plasmonic effects have been also associated to cloaking and invisibility since the beginning of the interest in applying metamaterial concepts to scattering reduction [24] , as the anomalous polarization properties of these materials appear naturally suited to manipulate the scattering of objects. Related to this possibility, we have recently proposed a mantle cloak consisting of a simple, homogeneous graphene monolayer [12] , which is effective in the THz spectrum. We have demonstrated that a uniform graphene monolayer may enable a wideband-tunable scattering reduction for dielectric objects. Different from bulk metamaterial cloaks based on transformation optics [25, 26] , the physical principle behind this cloaking effect resides on scattering cancelation [12, 13, 24, [27] [28] [29] [30] [31] [32] , created by the surface current induced on the graphene monolayer that may be tailored to radiate 'anti-phase' scattered fields [27] [28] [29] [30] [31] [32] . In addition to extending the mantle cloaking technique [27] to THz frequencies, this graphene cloak offers the advantage of being frequency-reconfigurable, enabled by its tunable surface reactance [12, 13] . Such a cloak may be used to potentially eliminate the cross-talk interference and noise in various THz sensing, imaging and communication systems [12, 13] , as illustrated in figure 1(a) . In this concept figure, we show a potential configuration in which a network of sensors or detectors may significantly benefit from this technology by eliminating the cross-talk between neighboring elements operating in the THz spectrum. The proposed cloak allows receiving an impinging signal without necessarily creating significant scattering around Schematic representation of (a) the concept, 'cloaking a sensor', for cross-talk-free and low-noise sensing and communication systems and networks in [20] , and (b) the THz cloaking device based on the graphene-nanopatch metasurface.
it [33] , which may allow high-fidelity signal routing and reception for THz communications. Since conventional routing techniques are usually based on multiple dynamically assigned frequency channels, the additional tunability of the proposed covers may be particularly appealing.
One drawback of a graphene monolayer is that it is intrinsically inductive in the low-THz range, and is therefore not able to cloak moderately sized conducting objects, which would require a capacitive surface impedance [27, 31] . To overcome this limitation, we propose in the following a patterned graphene metasruface, which may significantly improve the performance of the graphene cloak, as discussed in the following.
Recent progress in the growth and lithographic patterning of large-area epitaxial graphene [2] [3] [4] 18] presents challenges and great opportunities for reconfigurable THz and IR metamaterials and integrated plasmonic devices. It has been theoretically demonstrated that a metasurface formed by periodic arrays of subwavelength graphene nanopatches can possess a dual inductive/capacitive surface impedance in the THz spectrum [16, 17] , combining low-pass and high-pass characteristics with potential applications for THz filters and polarizers [34] [35] [36] . In this work, we investigate the performance of an atomically thin THz cloak made of a patterned graphene monolayer (see figure 1(b) ), which may achieve dramatic scattering reduction for both dielectric and conducting rods, with larger flexibility compared to the homogeneous monolayer introduced in [12] . We show that the surface impedance of such graphene metasurface has a compact analytical expression, allowing us to readily design and optimize its geometry, dimensions and Fermi energy for effectively cloaking dielectric and/or conducting cylindrical objects of choice with the same metasurface. More importantly, we show that the same metasurface design may be employed to cloak drastically different objects, by properly tuning the surface impedance through the proper weighing of the kinetic inductance of graphene and the geometrical capacitance of the patterned surface.
Design of a graphene mantle cloak
The surface conductivity of a graphene sheet σ s = σ inter + σ intra contains both semi-classical intraband conductivity σ intra and quantum-dynamical interband conductivity σ inter . In the THz region and below the interband transition threshold,hω < 2 |E F |, σ intra dominates over σ inter . Graphene's intraband conductivity can be derived from the semiclassical Boltzmann transport equation, and in the local limit, applicable within the assumptions of this study, the conductivity is obtained as
whereh is the reduced Plank constant, e is the electron charge, K B is the Boltzmann's constant, E F is the Fermi energy, τ is the relaxation time related to impurities and defects in graphene and T is the temperature (here for convenience we assume a low-loss graphene with τ = 5 ps and T = 300 K; however, our additional studies show that the concepts outlined in the following may also be applied to graphene monolayers with smaller relaxation times). Throughout this study an e −iωt notation is adopted. For moderately doped graphene, |E F | k B T (e.g. pristine graphene intrinsically doped up to 0.25 eV by impurities [37] ), and below the interband transition threshold, (1) reduces to a Drude-type dispersion
From (2), we observe that a graphene monolayer has an inductive surface impedance at low-THz: [12] [13] [14] . Moreover, different from conventional plasmonic materials, such as metals and heavily doped semiconductors, graphene's conductivity can be controlled by shifting the electronic Fermi levels, which may be potentially tuned from −1 to 1 eV by chemical [38] or electronic doping [7, 8, 11] .
Figure 1(b) shows the proposed graphene metasurface (a patterned graphene microtube [39] ), wrapped around a dielectric or conducting rod. For a uniform plane wave normally incident to the interface, the surface impedance of a planar array of graphene nanopatches has a simple yet accurate analytical expression [17, [40] [41] [42] 
where R s is the surface resistance per unit cell related to the conduction losses, X s is the surface reactance per unit cell, D and g are the periodicity and gap size, respectively; α is the incident angle, and ϕ TM (α) = 1, ϕ TE (θ) = 1 − sin 2 α/(2ε avg ) are angular correlation functions corresponding to transverse magnetic (TM)-and transverse-electric (TE)-incident polarizations, respectively [31, 32, 41, 42] ; ε r is the relative permittivity of the dielectric cylinder or the spacer for the conducting cylinder, and ε 0 is the background permittivity. The second term in (3) accounts for the capacitance per unit cell of the patch array
)]ϕ(α) [31, 32, 41, 42] . The first term in (3) accounts for the tunable kinetic inductance per unit cell
, due to the intrinsic carrier scattering; R G and L K , tunable with E F , are in series with the geometry-yielded capacitor C ES . As a result, the surface impedance of this 'one-atomthick' graphene metasurface may be modeled with a distributed RLC circuit model:
Since the kinetic inductance L K is tunable with E F , we note that the surface reactance of the proposed graphene metasurface may be either capacitive or inductive, depending on the geometry, dimensions and Fermi energy. Therefore, a single metasurface can exhibit a highly controllable low-pass (capacitive) or high-pass (inductive) response. This property makes this geometry very different, and more appealing, than conventional metal-patch metasurfaces in [17, 31, 32, 41, 42] , which are fundamentally capacitive.
Consider now an infinite cylinder with radius a covered by a conformal graphene metasruface cloak, illuminated by a normally incident TM plane wave (see figure 1(b) ). This scenario is the case of most interest for scattering reduction purposes in this geometry, as long as the cross-section is comparable to the wavelength. For a conducting cylinder, a dielectric spacer with radius a c is necessary to avoid an electrical short. We first analyze the problem using Lorenz-Mie scattering theory [43, 44] , using a surface impedance boundary condition based on (3) at the surface of the graphene nanopatches. The scattering coefficients may be obtained by matching the tangential field components at the different boundaries, and may be written as [28, 29] 
The expressions for the nth order P TM n and Q TM n coefficients are found in [28, 29] as a function of the geometry and surface impedance. For an isotropic surface with negligible cross-polarization coupling, the total scattering width, as a quantitative measure of the overall visibility of the object at the frequency of interest, is given by [43, 44] 
In the quasi-static limit (i.e. k 0 a, k 0 a c 1), the closed-form cloaking condition for a dielectric cylinder under TM-polarized illumination can be derived as [28] 
where γ = a/a c . On the other hand, for a conducting cylinder with moderate cross-section covered by a thin spacer with relatively permittivity ε r , the following cloaking condition is obtained, generalizing the results in [26] :
where µ 0 is the permeability of background medium. It is interesting to note that the graphene metasurface in figure 1 (b) needs to have a dual inductive/capacitive nature to be able to hold for (6) and (7). It is possible to achieve this property by balancing the geometric capacitance of graphene patches with the intrinsic kinetic inductance of graphene, as we discuss in the following. . We also show the optimum surface reactance for cloaking a dielectric cylinder with a = λ 0 /8.4 and relative permittivity ε r = 4 (orange-dashed-dotted line) and a conducting cylinder with a = λ 0 /12 covered by a thin spacer with thickness a c − a = λ 0 /28 and relative permittivity ε r = 4 (green-dashed line); the operating frequency is f 0 = c/λ 0 = 2.5 THz. Figure 2 shows the frequency dispersion of surface reactance for (i) a uniform graphene monolayer with E F = 0.62 eV(black-solid line), (ii) a graphene-nanopatch metasurface (design I) with E F = 0.23 eV, D = 6.4 µm and g = 0.85 µm (red-solid line) and (iii) a graphenenanopatch metasurface (design II) with E F = 0.3 eV, D = 7.6 µm and g = 0.5 µm (blue-solid line). In the plot we also show the optimal surface reactance, calculated using equation (4), to effectively cloak a dielectric cylinder with a = λ 0 /8.4 and relative permittivity ε r = 4 (i.e. silicon dioxide, SiO 2 or boron nitride, BN) (orange-dashed-dotted line), and using (7) for a conducting cylinder with a = λ 0 /12 covered by a spacer with thickness a c − a = λ 0 /28 and relative permittivity ε r = 4 (green-dotted line); here, we assume the operating frequency to be f 0 = c/λ 0 = 2.5 THz. It is observed from figure 2 that the optimum surface reactance values for cloaking agree well with the quasi-static, approximate expressions X diel and X cond in (6) and (7). Interestingly, their dispersions violates the Foster requirement of a positive slope ∂ X (ω) /∂ω > 0 for low-loss passive metasurfaces, implying that broadband cloaking may not be achieved with this or any other passive technology [45] . Still, targeting a specific design frequency (in this case f 0 ), it is possible to tune the desired surface reactance to cross the required value given by the dashed curves, and therefore maximally suppress the scattering with a single metasurface. For instance, consistent with equation (2), a graphene monolayer always displays a purely inductive surface reactance [16] , whose slope may be controlled to match the surface inductance 215. 37 required to cloak the dielectric rod at f 0 , for E F = 0.62 eV (solid black line in figure 2 ). However, there is no value of carrier concentration or Fermi energy that may allow the On the contrary, the surface reactance of metasurfaces I and II span capacitive and inductive values, and may therefore be used to cloak either a conducting or inductive object. In addition, the patch designs require comparatively a much lower carrier concentration to achieve the optimal cloaking condition at the same frequency for the dielectric object. This is because a uniform graphene monolayer inherently requires a large E F to achieve sufficiently low surface inductance (i.e. L K ∝ E −1 F ) to meet the orange dot-dashed line. This is particularly challenging for higher frequencies, for which the optimal surface reactance gets lower and lower. However, the proposed graphene metasurface exploits the negative reactance provided by capacitive patches to compensate the high kinetic inductance of graphene with a low carrier concentration. As a result, the surface reactance may be tailored over a wide range of values, from capacitive to inductive, by tuning reasonably small values of Fermi energy. The dual capacitive/inductive graphene metasurface proposed here provides significantly added flexibility in designing cloaking devices for dielectric/conducting objects at THz frequencies. Figure 3 (a) presents the calculated scattering width for the same dielectric cylinder as in figure 2 , with and without the proposed graphene metasurface cloaks (graphene monolayer and nanostructured metasurfaces). It is seen that for all cloaking devices, the scattering width may be significantly reduced at the operating frequency f 0 = 2.5 THz. A graphene monolayer, however, has a larger bandwidth compared to graphene metasurfaces I and II, since its dispersion slope is less steep, and follows more closely the required surface impedance curve in figure 2 (orangedashed-dotted line). However, nanostructured graphene metasurfaces require a significantly lower doping level and provide more design flexibility. Figure 3(b) , similar to figure 3(a) , refers to the case of graphene metasruface I varying the Fermi energy. It is observed that the scattering width may be suppressed at different operating frequencies, tunable by shifting the Fermi energy of graphene nanopatches.
Results and discussions
The same geometry may now also be applied to cloak the conducting rod by varying the geometry and/or Fermi energies. Figure 4 (a) presents the calculated scattering width for the same conducting cylinder as in figure 2, covered by a thin dielectric spacer, with and without a graphene metasurface cloak. We show the results for metasurface I, but with Fermi energy E F = 0.45 eV (labeled metasruface III). Similarly, we designed metasurface IV with E F = 0.6 eV, D = 6.2 µm and g = 0.5 µm to provide the same surface reactance at the design frequency. Obviously, both geometries allow strong scattering suppression, and similar dispersion properties. The case of a graphene monolayer with E F = 0.45 eV is also presented in figure 4 (a) for comparison. It is remarkable that the same metasurface geometry (designs I and III) with different Fermi energies may be used to cloak either dielectric or conducting objects at the same frequency ( f 0 = 2.5 THz). On the contrary, a uniform graphene monolayer would not be able to suppress any scattering for this conducting scenario, as seen in figure 4(a) , since it cannot reach the optimal surface capacitance 108. 28 given by the dashed green line in figure 2 .
Although the metasurfaces III and IV have different geometries and Fermi levels, they support the same operating frequency, showing the flexibility in design offered by the proposed graphene metasruface geometry. Figure 4 (b), similar to figure 4(a), refers to the case of a graphene metasurface with the same geometrical parameters (period and gap) as in metasurface I and III, but different Fermi energies. Again, it is seen that the scattering suppression is frequency-tunable by tailoring the applied Fermi energy.
We validated our theory using commercial full-wave simulations based on CST Microwave Studio (finite-integral technique [46] ). Figure 5 (a) presents the scattering width of a dielectric cylinder with a = 14.28 µm, ε r = 4 ( figure 3(b) ), with and without a graphene metasurface cover with the same geometrical parameters as in metasurface I and E F = 0.37 eV (blue line in figure 3(b) ). The numerical results (solid blue line/solid circles), obtained considering the realistic nanopatch geometry of the metasurface, are in excellent agreement with our analytical formulation (solid red line/solid squares, equations (3)- (5)). Figures 5(b) and (c) respectively present a time snapshot of the electric field distribution for the cloaked and uncloaked dielectric cylinder at the design frequency f 0 = 3 THz. It is clear that, by covering the object with a suitable graphene metasurface, the wavefronts of electric field can be effectively restored, as if the object is not present. On the contrary, the electric field distribution is strongly disturbed in the absence of the cloaking layer. figure 5 , but for the conducting rod considered above. Here, the geometrical parameters of metasurfaces I and III are still used, but the Fermi energy is shifted to 0.78 eV. It is observed in figure 6 (a) that the scattering width is again significantly reduced at 3 THz. It is impressive how the same graphene metasurface may effectively cloak dielectric and conducting objects with similar dimensions at the same frequency by simply tuning its Fermi energy, proving the real-time reconfigurability of this cloaking approach. We note that, by simply adjusting the geometry and doping level of graphene nanopatches, THz cloaking devices may be readily implemented for dielectric and conducting objects at the desired frequency, with interesting potential for THz communications, sensing and photodetection.
Before concluding, we note that the polarization and incidence angle may both in principle affect the cloaking effect. However, the first TM harmonic is the dominant scattering mechanism for cylinders of moderate electrical cross section, and normal incidence produces the largest total scattering cross section [29, 30] . As a result, we have focused our designs and calculations on TM impinging radiation at normal incidence. We have shown in previous papers [12, 30] how the mantle cloaking technique applied to thin cylinders is indeed robust to variations in the angle of incidence, and the results derived for infinite cylinders may be used to predict with good approximation the response of finite elongated rods [47, 48] . In addition, the capacitance yielded by the patch-array metasurface is independent of the incidence angle for TM waves, and the kinetic inductance of graphene is independent of the incident angle for both polarizations. Therefore, the proposed graphene cloak is expected to be relatively insensitive to changes in the excitation for thin dielectric and conducting cylinders. For thicker cylinders cross-polarized coupling between TM and TE scattering occurs at oblique incidence, and mantle cloaks may require an anisotropic surface reactance to optimize the response, which goes beyond the scope of this paper.
Conclusion
We have proposed the use of nanostructured graphene metasurface to realize an atomically thin mantle cloak in the THz spectrum. Specifically, we have demonstrated that a graphenenanopatch metasurface exhibits dual capacitive/inductive surface impedance, depending on the relative strength of graphene kinetic inductance and the geometric patch capacitance, which may be effectively modeled in simple analytical terms. These peculiar features open exciting venues to effectively cloak both dielectric and conducting rods with the same patterned metasurface, and reduce the requirements on required Fermi levels when using uniform graphene monolayers. The proposed metasurface is highly tunable, and may provide exciting venues in realize ultrathin, reconfigurable cloaking devices at THz frequencies, with potential applications in lownoise and cross-talk-free THz biomedical sensing and imaging systems, spectroscopy and THz communication and sensing networks, such as inter/intra-chip ultrafast links, indoor systems and wireless health applications highlighted in [20] . The recent demonstration of a cloaked photodetector based on scattering cancelation, put forward in [49] , may be extended to THz frequencies with this technology, with added tunability features uniquely stemming from the graphene properties.
